Sheath blight of rice, caused by the Rhizoctonia solani Kühn (teleomorph:
Thanatephorus cucumeris (A.B. Frank) Donk), is a major disease of rice, second only to rice blast in reducing both grain yield and quality (10, 15, 21) . The pathogen is soilborne and has a wide host range, often infecting legume crops grown in rotation with rice (10, 16, 21, 28) . Although no gene has been identified to confer complete resistance to sheath blight in rice, a number of genes have been reported to provide significant disease resistance (16) . Resistance to sheath blight generally is considered to be polygenic (11, 18, 24) , with a wide variation in susceptibility levels among rice cultivars (5, 8, 14) . In the last two decades, several quantitative trait loci (QTL) have been detected based on co-segregation between DNA markers and disease resistance (11, 28) ; however, the validity of these QTL has been difficult because there was little agreement between the QTL identified by different groups (18) . A number of environmental factors such as sunlight, humidity, temperature (1, 10, 15, 21) , soil fertility (21) , and silicon level in the soil (20) may contribute to the variation in the phenotype of disease resistance and make evaluation difficult. In addition, morphological traits such as plant height and heading date have been reported to affect the resistance of rice cultivars to sheath blight (11, 12, 17, 18, 28) .
Because vertical resistance is not available in rice against sheath blight, it is essential to have a technique that can differentiate incremental differences in quantitative, horizontal resistance among various cultivars, mutants, and transgenic lines. Many different inoculum sources have been used for studying rice sheath blight, including tooth picks colonized with R. solani (19, 20, 28) , colonized agar plugs (1, 8) , infected rice grain-rice hull mixtures (9, 16, 27) , blended mycelia (22, 26) , and sclerotia (25) . Most of these inoculum sources introduce considerable variability into the infection process. Sclerotia, for example, vary widely with respect to their germination rate before infection based on their age and size (25) . Each of these inoculum sources was used with its own inoculation method, either in the field or under controlled conditions.
In addition to a diversity of inoculation sources and methods used for the analysis of sheath blight resistance, different techniques for evaluating the severity of disease have been applied. For example, Groth et al. (4) first established the visual rating on a 0-to-9 scale with lesion length being estimated as a fraction of the total plant height. Eizenga and Lee (1) used two evaluation methods to quantify the severity of sheath blight. The first was a visual rating scale of 0 to 9, modified from Savary and Mew (23) , with the number corresponding to the percentage of leaves covered with lesions (13) . The second evaluation technique these authors used was the median lesion length in the first one to three leaves from the base of the plant (1) . The number of infection cushions and lesion type also have been used to differentiate the level of sheath blight resistance in rice lines (3, 9) . Others have rated disease based on the ratio of the lesion area to the total leaf area (22) . This study was undertaken to develop an effective, uniform, and reproducible technique for infecting rice plants with R. solani and to improve the method for accurately evaluating the disease severity. The morphological traits of heading date and panicle number also were analyzed in relation to sheath blight resistance.
Sheath blight of rice, caused by Rhizoctonia solani, is one of the most important rice diseases worldwide; however, no rice cultivar has been found to be completely resistant to this fungus. To facilitate detailed analysis of sheath blight resistance at genetic, molecular, biochemical, and functional genomic levels, new methods were developed for effective and uniform infection and accurate evaluation of the disease. The efficiency of R. solani infection was tested on two resistant (Tetep and Jasmine 85) and two susceptible (Chucheongbyeo, Junambyeo) cultivars using three different inoculum types (agar block, liquid cultured mycelia ball, and mycelia suspension). By covering the inoculated sheaths with aluminum foil to maintain humidity, 100% infection rate was achieved in this study. Liquid cultured mycelia balls caused significantly longer lesions (5.4 cm) than other types of inoculum, including agar block (2.4 cm) and mycelia suspension (1.6 cm). An improved method for evaluating sheath blight disease was selected by comparing two methods for evaluating disease severity among three partially resistant cultivars and five susceptible cultivars inoculated with liquid cultured mycelia balls. In addition, a new formula was developed to calculate the disease susceptibility index. Lesion length and the susceptibility index generally were correlated in each leaf, but there were discrepancies between the two evaluation methods due to differences in plant architecture among the cultivars. The susceptibility index calculated using the new formula was the most accurate method for evaluating sheath blight disease across all cultivars. The effect of heading date and panicle number also was evaluated in relation to sheath blight resistance. Cultivars with late heading dates generally were more resistant to sheath blight than those with early heading dates.
Additional keywords: disease assay, host resistance stage (typically 10-week-old plants) were used for inoculation with R. solani.
Fungal inoculum. The fungal isolates (RR0140 and RS03-4) used in this study belong to the AG-1 IA group of R. solani. To compare the effects of inoculum types on the severity of sheath blight, three inoculum types were prepared and used, including (i) agar block (diameter 0.5 cm), (ii) liquid cultured mycelia ball (diameter 0.5 cm), and (iii) 100-µl mycelial suspension (10 5 CFU/ml). After placing R. solani mycelia or sclerotia onto potato dextrose agar (PDA) and growth at room temperature (22 to 24°C) under continuous light (Fig. 1A) , agar blocks (0.5-cm squares) were cut and prepared from the outer edge of a 3-day-old culture. Liquid cultures were started by inoculating 200 ml of potato dextrose broth (PDB) medium in a 250-ml Erlenmeyer flask with a piece of fresh mycelia from PDA. After incubation on a shaker (130 to 140 rpm) under darkness for 7 to 10 days (Fig. 1B) , liquid cultured mycelia were harvested and cut into small mycelial balls (approximately 0.5 cm in diameter; Fig. 1C ) with forceps. The mycelial suspension was made by homogenizing liquid cultured mycelia with a blender.
Pathogen inoculation. Rice plants at late tillering stage were inoculated with R. solani by placing a mycelial ball beneath the leaf sheath (Fig. 1D ). The inoculated sheath was covered immediately with aluminum foil (Fig. 1E ). When typical lesions appeared after 3 days (Fig. 1F) , the aluminum foil was removed (Fig. 1G) . R. solaniinfected plants were left in a humidity chamber made of clear plastic for 3 weeks to allow for disease development ( Fig. 1H and I). Plants were grown at 28°C under 14-h days in both the greenhouse and the humidity chamber. The humidity was maintained between 80 and 100% in humidity chambers from the time of inoculation to disease evaluation (Fig. 1J ). Inoculations using the agar block (3-day cultures) and mycelial suspensions were the same as described for the mycelia ball. For the mycelial suspension, 100 µl of homogenized mycelium was applied for each inoculation using a pipette. Seven days after inoculation, the lesion length on the sheath of the inoculated plants was measured. Ten replications (culms) were used for each inoculum type in the inoculum study. The results were verified by repeating the experiment two times.
Disease evaluation. To evaluate sheath blight resistance or susceptibility of rice cultivars, the lesion length and the degree of disease severity in each sheath of inoculated plants were recorded. The total lesion length was the sum of the lesion length of leaves in a culm. The degree of disease severity were assigned as follows ( Fig. 2) : 0 = no lesion, 1 = the appearance of watersoaked lesions, 2 = the appearance of necrotic lesions, 3 = less than 50% necrosis on the leaf cross section, 4 = more than 50% necrosis on the leaf cross section, and 5 = necrosis across the entire leaf section resulting in leaf death. The index of disease susceptibility was calculated as follows: susceptibility index = (5n 5 + 4n 4 + 3n 3 + 2n 2 + 1n 1 + 0n 0 )/5N × 100; where n 0-5 is the number of leaves in each degree (0 to 5) and N is the number of total leaves investigated in a culm. All lesions from a culm are added together to give a total lesion length for each culm. Twenty-five replications were used for each cultivar in the cultivar comparison study. The cultivar assay was repeated using both rating methods with similar results. The analysis of variance of the susceptibility index and the lesion length caused by R. solani was performed using SAS (version 6.12). Separation of cultivar means for both suscepti- 
RESULTS AND DISCUSSION
An effective inoculation method is a critical component of an accurate disease assay for quantifying levels of sheath blight resistance among rice cultivars. The type of inoculum used in an inoculation method is a major determinant of infection efficiency. Several previous studies used toothpicks colonized with R. solani (19, 20, 28) , sclerotia (25) , and infected rice grain-hull mixtures (9, 16, 27) . The time required for these inoculum sources to begin active growth in order to initiate infection can vary widely depending on environmental and pathogen factors. Singh et al. (25) reported that smaller sclerotia infected plants more quickly than larger ones. These authors also reported that infection was most rapid using mycelia and slowest using mature sclerotia, with infection time being intermediate for immature sclerotia (25) . These pathogen factors led to additional variation in the infection process and the subsequent disease development that has little to do with host resistance. For this reason, only actively growing sources of R. solani inoculum were analyzed in this study.
Mycelial balls produced the longest lesions on rice sheaths 7 days after inoculation; in fact, more than twice that produced by colonized agar blocks or mycelial suspensions (Fig. 3) . These results were significant and consistent across all cultivars tested (P < 0.001). One possible reason for this is that mycelial balls provide greater fungal biomass than the other two types of inocula. Mycelial suspensions were the least efficient inoculation source, possibly because the mycelium has been broken apart, preventing the allocation of nutrients through the mycelial network to the point of infection. Also, the mycelial suspensions were liquid and their retention at the site of inoculation varied depending on the architecture of the cultivar inoculated. The mycelial suspensions caused greater disease in cultivars where the sheath was tightly attached to the stem than cultivars where the sheath was more loosely attached (data not shown). The colonized agar block contained organized mycelia only on the top surface and did not have the same fungal biomass of the mycelial balls. Also, the nutrients provided by the agar block may have encouraged saprophytic growth in the fungus rather than the development of an infection cushion needed for disease development.
Rapid and uniform infection reduces the variation inherent in the disease assays. In this study, 100% infection rate was achieved by covering the inoculated sheaths with aluminum foil for 3 days. Pilot studies revealed that aluminum foil was necessary to gain consistent infection and that disease often failed to develop without aluminum foil. The saturating humidity retained by the foil covering was crucial for establishing uniform and consistent infections. Therefore, the foil covering is essential in avoiding the variation in disease development that occurred with previous methods of inoculation. The combination of using actively growing mycelial balls as inoculum and aluminum foil as covering provided the reproducible infection necessary for performing the disease assays. The rapid and uniform infection of host tissues in all inoculations achieved by this assay is critical for quantitative analysis of sheath blight resistance at molecular, biochemical, and genetic levels.
The other methods provided little environmental control during the early infection stage and, thus, are subject to much greater variation than this method using an aluminum foil covering.
Once R. solani infection has been established, a precise evaluation method is essential for accurate quantification of disease symptoms. Previous studies have used either lesion length or visual ratings to assess disease severity; however, these methods have not been compared side by side to assess their accuracy. Differences in resistance to sheath blight may be manifested by the rate at which the fungus grows up the sheath and colonizes the Fig. 2 . Representation of sheath blight disease severity rating values. The degree of disease severity were assigned as follows: 0 = no lesion, 1 = the appearance of a water-soaked lesion, 2 = the appearance of necrotic lesion, 3 = less than 50% necrosis on the leaf cross section, 4 = more than 50% necrosis on the leaf cross section, and 5 = necrosis across the entire leaf section resulting in leaf death. The susceptibility index of a culm was calculated as follows: susceptibility index = (5n 5 + 4n 4 + 3n 3 + 2n 2 + 1n 1 + 0n 0 )/5N × 100, where n 0-5 is the number of leaves in each level (0 to 5) and N is the number of total leaves investigated in a culm. upper leaves of the plant. The rice cultivars used in this study varied widely with regard to sheath blight resistance and agronomic traits such as plant architecture, days to heading, panicle number, and other characteristics (supplemental figure online). The visual ratings of disease were weighted so that the leaves with greatest disease received a proportionally higher score than the leaves with less disease.
A comparison of two methods for rating the disease severity was made to determine which method produced the most accurate disease severity data among eight cultivars based on their previously reported susceptibility (3, 9, 16, 18, 28) . The first method measured total lesion length and the second method used the disease susceptibility index. The two disease severity rating systems are shown graphically for both lesion length (Fig. 4A ) and disease susceptibility index (Fig. 4B ) across each leaf position above the inoculation point for the eight cultivars used in this study. The effect of cultivar was significant for both lesion length and susceptibility index (P < 0.001). Although both methods of measuring severity of sheath blight produced the same general trends, the susceptibility index was more clear and consistent across all leaf positions within and across cultivars (Fig. 4A and B) . Disease severity decreased as distance from the source of inoculum increased for both evaluation methods (Fig. 4A and B) .
When the infected cultivars were ranked, using either total lesion length or disease susceptibility index (Table 1) , the susceptibility index rankings were more consistent with the published reports than the lesion length measurement (3, 9, 16, 18, 27) . The susceptibility index also provided a clean differentiation of cultivars based on mean separation (Table 1) . Disease severity ratings using lesion length and susceptibility index were highly correlated (R 2 = 0.76) at each leaf above the point of inoculation, but there were notable differences between the two evaluation methods. The lesion length of the first leaf above the point of inoculation was longer for Jasmine 85 than that of most other cultivars (Fig. 4A) . However, the disease susceptibility index in this same cultivar was lower than the other cultivars (Fig. 4B) , which is in agreement with the previously published results (3, 9, 16, 18, 28) . In contrast, the lesion length of the first leaf above the inoculation point for Lemont was shorter than that of the other cultivars (Fig. 4A) , but the susceptibility index was higher (Fig. 4B) , which also is consistent with the previously published results (3, 9, 16, 18, 28) .
Overall, the weighted visual rating of disease severity was more accurate in correctly differentiating cultivar difference in sheath blight resistance than the total lesion length on the sheath (Table 1) . The difference in plant architecture, namely the length and width of the leaves and the height of the plants among the cultivars, were probably the biggest factors in creating a discrepancy between the two methods. For example, the leaves of IR50 are shorter than those of most other cultivars, and so are the length of the lesions produced by R. solani; however, IR50 is one of the most susceptible rice cultivars in existence. IR50 is also one of the shortest cultivars used in this study. On the other hand, the leaf sheath of Tetep is relatively long compared with the other cultivars, and the lesion caused by sheath blight is also longer on this cultivar than other cultivars. However, the susceptibility index as measured by leaf damage and death was lower than for most of the other cultivars tested in the study. The shape of the lesion and the width of the leaf also are important factors in measuring disease severity caused by sheath blight. A long narrow lesion will be much less damaging to the flow of solutes up and down the leaf than a short and wide lesion, but will be considered to be more severe by the measurement of lesion length. The measurement of lesion width also brings up the problem of plant architecture differences among the cultivars. A cultivar with a wide leaf sheath may have a much wider lesion than a cultivar with a narrow leaf sheath but still retain a sufficient flow of nutrients through the leaf. Lesion length does not determine the likelihood of leaf death, but the visual ratings of lesion severity does. Plant architecture also can vary among plants of the same cultivar due to environmental effects, emphasizing the need for an evaluation method that is independent of this source of variation. As a result, the disease susceptibility index is a more accurate measure of disease severity and is not skewed by cultivar differences in plant architecture as are direct measurements of lesion length.
Several agronomic traits such as heading date, plant height, and panicle number have been reported to be linked to sheath blight resistance or susceptibility (11, 12, 18, 28) . In addition to disease severity, the number of panicles and heading date were cataloged for all the cultivars used in this study. Fewer days to heading and susceptibility to sheath blight were positively correlated (R 2 = 0.74, R 2 = 0.91 without Jasmine 85). Cultivars heading sooner generally were more susceptible to sheath blight than those heading later (Table 1) . Resistance to sheath blight and heading date are the phenotypes that may be genetically linked (18) . The relationship between panicle number and sheath blight susceptibility was not apparent in this study. Overall, cultivars that had a late heading date generally were more resistant to sheath blight (Table 1) . These results are similar to previously published reports (11, 12, 18, 28) .
In summary, the selection of resistant cultivars is the most economically and environmentally beneficial way of reducing losses to sheath blight in rice. Cultural control methods (19, 21) are insufficient and the use of fungicides (2) may not be economically or environmentally sustainable. Transformation of rice cultivars with defense genes has provided only partial resistance (7) . A concerted effort is currently underway in the United States to identify QTL for sheath blight resistance and to study the key genes and underlying mechanisms of the disease resistance. To achieve these goals, uniform and effective infection and accurate evaluation methods are required for detailed genetic, molecular, biochemical, and functional genomic analyses and for measuring quantitative differences in sheath blight resistance among rice breeding lines, mutants, and transgenic plants. Most recently, a quick method has been developed to screen rice cultivars for sheath blight resistance during the seedling stage (6) . In this study, improved methods were developed for highly consistent and reproducible inoculation of sheath blight pathogen and for more accurate measurement of disease severity regardless of plant architecture. Because the disease assay uses rice plants at late tillering stage, it requires a longer duration of time. However, the disease assay may complement the seedling-based quick screening (6) and allow further verification of sheath blight resistance in rice plants.
